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A nearly terrestrial D/H for

comet 67P/Churyumov-Gerasimenko

Kathleen E. Mandt'*, Jacob Lustig-Yaegerz, Adrienn Luspay-Kutiz, Peter Wurz?, Dennis Bodewits*,
Stephen A. Fuselier®, Olivier Mousis®, Steven M. Petrinec’, Karlheinz J. Trattner®

Cometary comae are a mixture of gas and ice-covered dust. Processing on the surface and in the coma change the
composition of ice on dust grains relative to that of the nucleus. As the ice on dust grains sublimates, the local
coma composition changes. Rosetta observations of 67P/Churyumov-Gerasimenko previously reported one of
the highest D/H values for a comet. However, reanalysis of more than 4000 water isotope measurements over the
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full mission shows that dust markedly increases local D/H. The isotope ratio measured at a distance from the nu-
cleus where the gas is well mixed is close to terrestrial, like that of other Jupiter family comets. This lower D/H has
implications for understanding comet formation and the role of comets in delivering water to Earth.

INTRODUCTION

Identifying the conditions within the protosolar nebula (PSN) at the
time of planetary formation is one of the top priorities for the plan-
etary science community (1). This is a first step toward understand-
ing the distribution of water in the solar system, with implications for
the origin of life on Earth and the potential for habitability elsewhere.
One critical step to understanding this distribution is determining
how the composition of icy building blocks including comets, trans-
neptunian objects (TNOs), Centaurs, and the icy moons of the giant
planets varied based on where they formed.

The isotope ratios of water in planets and remnants of planetary
building blocks provide a powerful tool for mapping solar system
ice composition. The ratio of deuterium to hydrogen, D/H, is espe-
cially important. Before the formation of the Sun, very low tem-
peratures in the prestellar core allowed most volatiles to freeze out
and condense onto grains. This condensation led to the formation
of ices highly enriched in deuterium (2). After the Sun formed, water
from these grains vaporized in the PSN and equilibrated with
hydrogen. The high temperatures in the inner region of the disk led
to a D/H ratio in water equal to the bulk PSN value (2). At increas-
ing distances from the Sun, decreasing PSN temperature and density
reduced the efficiency of isotopic exchange, allowing more of the
initially enriched D/H to be preserved in water ice. This variability
with PSN conditions allows D/H in water to serve as a tracer for
planetary building block formation conditions and for the sources
of water for the inner solar system.

Figure 1A illustrates currently available D/H measurements
throughout the solar system compared to the terrestrial Vienna
standard mean ocean water (VSMOW) value (dashed line; see the
Supplementary Materials and tables S1 to S3). Important constraints
for the PSN include D/H in the primary form of hydrogen, H,, and
in water ice. Deuterium in the Sun is converted to *He over time,
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leading to a lower D/H in the Sun today (table S1) compared to
the PSN. The D/H in Jupiter’s atmosphere was used to determine
the value for primordial H, (3). Primordial water, which varied
in isotopic composition within the PSN, is best constrained
through measurements made in remnants of planetary build-
ing blocks.

Many measurements are available to evaluate D/H variation in
water. D/H in the terrestrial planet atmospheres is not representa-
tive of water isotopes where these planets formed. Rather, it repre-
sents a combination of water delivered to each planet during their
formation directly from the PSN and after formation by impacts
of asteroids and comets, followed by enhancement in deuterium
resulting from escape, e.g., (4, 5). However, the exact combination
of primordial water, asteroids, and comets is not fully understood.
Terrestrial D/H values in chondrites and most Jupiter family comets
(JECs) have been used to argue that asteroids or JFCs are the source
of Earth’s water, e.g., (6-9). However, JFCs as a source was brought
into question when one of the highest D/H ratios, >3X terrestrial,
was measured by Rosetta in JFC 67P/Churyumov-Gerasimenko
[67P/C-G; (10)].

D/H in comets

D/H measurements from one comet to the next can vary by as much
as a factor of four. Historically this variation has been interpreted to
be due to different formation regions for comets. Most observations
are for Oort Cloud comets (OCCs), which spent time in the Oort
Cloud and are bright comets with long orbits. JFCs are fainter, originate
in the Kuiper Belt and the scattered disk, and have shorter orbits. All
JECs have nearly terrestrial D/H except for 67P/C-G (6, 11, 12). Four
OCCs may also have terrestrial D/H, including 153P/Ikeya-Zhang
and C/2007 N3 Lulin [for which only upper limits are available;
(13, 14)], and C/1996 B2 Hyakutake (12).

The final terrestrial D/H measurement in an OCC is one of two
measurements for comet C/2014 Q2 Lovejoy. This is the only comet
other than 67P/C-G for which multiple D/H measurements have
been made, in this case, one before and one after perihelion. The
pre-perihelion measurement had a terrestrial value (15), while the
second measurement was enhanced like most OCCs (16). Although
there are some uncertainties with the methods used for the first
measurement, variations of D/H over time and space in the coma
cannot be ruled out.
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Fig. 1. Water isotope measurements throughout the solar system. All measurements are compared to terrestrial VSMOW values (dashed lines). Several species have
been reported for the Rosetta target comet 67P/Churyumov-Gerasimenko (67P/C-G; open black diamonds with blue error bars) and are compared to results from this
work (open black squares with blue error bars). (A) Several D/H measurements are available including chondrites (gray), Saturn’s moons (cyan and orange), two TNOs (steel
blue), and several Oort Cloud (blue filled) and Jupiter Family (blue with black outline) comets. (B) °0/"70 is available for the Sun, Mars, and chondrites (gray); Titan
(orange); and comet 67P/C-G. (C) '°0/'80 is also available for Jupiter, Venus, several Oort Cloud comets (OCCs; blue filled), and one additional Jupiter Family (blue with

black outline) comet (see the Supplementary Materials and tables S1 to S3).

How dust influences the local coma composition

It is well known that ice-covered dust grains heated in the coma re-
lease volatiles that create extended sources of observed gas (17).
Evidence has been found for volatiles sublimating from dust grains
in remote coma observations made by Rosetta of 67P/C-G (18) with
upper limits quantified by (19). Furthermore, several Rosetta Or-
biter Spectrometer for Ion and Neutral Analysis [ROSINA; (20)]
observations found that dust changes the locally observed composi-
tion of the coma. The comet pressure sensor confirmed that dust
grains release volatiles locally into the coma (21). The ROSINA
double focusing mass spectrometer (DFMS) observed HCl and HF
(22) and the Rosetta time-of-flight observed CO and CO, (23) re-
leased from dust.

Furthermore, observational evidence of several other comets ex-
ists to suggest large differences between the D/H of water ice on dust
grains compared to the bulk coma. The D/H observed in dust jets of
C/1995 O1 Hale-Bopp were up to 10X larger than the main coma,
suggesting that water ice on dust was greatly enhanced in deuterium
(24). On the other hand, recent reviews of D/H for several hyperac-
tive comets, or comets with strongly enhanced water production
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from extended sources, suggested that the D/H of hyperactive com-
ets is terrestrial and proposed that the D/H in water on dust grains
is lower than D/H in the nucleus ice (12). Because observations pro-
pose either enhanced or depleted D/H in the ice on dust grains, we
look to laboratory experiments for further insights.

Experiments that explored whether differences in vapor pres-
sures of H,O and HDO ices at temperatures relevant to the surfaces
of cometary nuclei could change D/H between the gas and ice did
not show much fractionation (25, 26). However, mixing dust with
ice demonstrated much larger potential for fractionation (25, 27).
The gas released during sublimation of dusty ice consistently had a
D/H up to a factor of ~3 lower than the bulk value, suggesting that
HDO was preferentially adsorbed onto dust grains, allowing for
very high D/H in the ice on the dust grains (27). Experiments with
different weight percentages and grain sizes of dust showed a clear
trend of increasing D/H fractionation when more surface area of the
dust was available for adsorption (27). If this process is taking place
on a comet nucleus, then HDO in the gas released from the nucleus
could pass through layers of dust on and near the surface, preferen-
tially adsorbing onto any exposed dust surface.
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In Fig. 2, we illustrate a simple model for creating enhanced D/H
in water ice on cometary dust grains. In this model, the surface of
dust grains become exposed as ice sublimates from the nucleus (Fig.
2A). Because HDO adsorbs more readily to the surface of the dust
grain, the ice layer directly on the grain surface would be most en-
riched in D/H (Fig. 2B). Water with heavy oxygen isotopes and hy-
pervolatiles, or molecules with very low sublimation temperatures,
being released from the nucleus would also adsorb onto the dust
grain. Once an initial ice layer that is highly enriched in deuterium
forms, lightly enriched layers may form on top of this (Fig. 2C). As
the dust enters the coma (Fig. 2D) it releases enriched water, locally
enriching D/H in the coma. Any hypervolatiles present will be pref-
erentially released during this stage.

Observed remotely, the bulk D/H for the entire coma would ap-
pear to decrease as the comet approaches perihelion because in-
creased gas from the nucleus reduces the contribution of water
adsorbed to dust (25). Furthermore, local observations of D/H will
decrease with increasing distance from the comet as dust grains dry
out. At some distance, the water in the coma will become fully
mixed and represent a bulk value rather than local gas influenced by
dust (27). Reality is more complex than this simple model, as dust
grain sizes can range from micrometers to centimeter-scale chunks
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Fig. 2. A simplified model for enriching D/H on dust grains in the context of the
dust cycle observed on comet 67P/C-G. Creating enriched layers of water on dust
grains begins with (A) water ice from the nucleus sublimating to expose dust sur-
faces. (B) HDO, hypervolatiles, and potentially H,'’O, preferentially adsorbs to the
exposed surfaces creating a highly enriched near surface layer. (C) Additional
slightly enriched water ice layers accumulate. (D) The dust cycle for 67P (30) begins
during perihelion, or phase 1, when increasing activity releases new dust grains
into the coma. These grains release hypervolatiles and the top layers of enriched
water (31). (E) During both phases 1 and 2, about 20% of the dm-size dust grains are
redeposited onto the surface in colder regions of the nucleus (30, 37) to be (F) reac-
tivated during the next pre-perihelion, or phase 3. At this time, the ice on the dust
grains is depleted in hypervolatiles and the most enriched layers of water ice
are released.
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of ice and dust (28). Therefore, dust in a coma will be coated with ice
that is a mixture of primordial ice having the same composition as
the nucleus and ice enriched in D/H from interaction of HDO with
exposed surfaces.

In the case of 67P/C-G, a clearly defined cycle of dust removal
and redeposition creates an even more complicated picture (28-30).
Choukroun et al. (30) describe the cycle as beginning during perihe-
lion, shown in Fig. 2D as phase 1 (gray in Fig. 2). Here, the subsolar
point is in the southern hemisphere and intense activity removes up
to a meter of dusty material. While in the coma this “new” dust is
heated, losing hypervolatiles such as CO and CO; (23, 28) and re-
leasing some water ice.

Approximately 20% of the dust released during perihelion is re-
deposited into the colder northern hemisphere (31) during the peri-
helion and post-perihelion phase (30), or phase 2 (purple in Fig. 2)
as shown in Fig. 2 (D and E). This “old” dust remains on the surface
through aphelion and can become more enriched in HDO on sur-
faces exposed while in the coma. As the comet approaches the Sun
again after aphelion, during phase 3 [salmon in Fig. 2; (30)], the old
dust is reactivated as shown in Fig. 2F. These grains are depleted in
hypervolatiles like CO and CO, and the water ice is highly enriched
in HDO because this is the layer closest to the surface of the dust
grain. These volatiles are released into the coma until the dust grains
are completely dehydrated.

RESULTS

This process is best tested using observations made by DFMS. To
date, no notable change in the D/H ratio has been reported over
time (32) or spatially between the two lobes of the comet nucleus
(33). However, these results are determined based on only 150 mea-
surements. Rosetta orbited comet 67P/C-G for nearly 800 days pro-
viding thousands of observations covering a wide range of distances
from the nucleus and from the Sun.

We re-evaluated the full mission dataset calculating D/H and
oxygen isotope ratios following methods outlined in previous pub-
lications (11, 32, 34-36) using an innovative approach for separat-
ing the overlapping signals HDO and H,'’O (see Materials and
Methods). The difficulty with separating these two species previ-
ously limited the number of spectra that could be evaluated, e.g.,
(32). We determined abundances for both species with high levels of
confidence over the entire mission dataset using a Bayesian nested
sampling (NS) method that explores the full probabilistic set of
solutions (See Materials and Methods, figs. S1 to S4, and table S4).
Using this approach, we have produced 4339 measurements of D/H
and °0/Y0 and 9177 of %0/'%0 in water (fig. S5).

The isotope ratios for four time periods during the mission are
illustrated in Fig. 3. During pre-perihelion, or phase 3 of the dust
cycle, D/H and '°0/'70 vary significantly with the subspacecraft
latitude as shown in Fig. 3A. The observations in the southern lati-
tudes agree well with published values [see Materials and Methods
and table S5; (10, 32, 34)], but the isotope ratios are about 10X greater
in the northern latitudes. This resembles the observations made for
the dust jets of Hale-Bopp (24). There is also a clear correlation (see
the Supplementary Materials and table S6) between the isotopes and
hypervolatile abundances (shown here for CO, CHy4, and HCN),
where lighter isotope ratios correlate with higher abundances in
hypervolatiles. On the basis of the dust cycle illustrated in Fig. 2,
old dust is being released from the northern hemisphere. The
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Fig. 3. Observations of how the isotope ratios and abundances of hypervolatile species correlate with either latitude or distance at different time periods of the
mission because of dust influencing the local coma composition. The isotope ratios are compared to published values (salmon dots and shaded regions) in the top
three panels. (A) Pre-perihelion at a distance of 2.1 to 2.9 AU from the Sun. (B) Pre-perihelion at a distance of 1.8 to 2.0 AU from the Sun. (C) Around perihelion (blue line)
at 1.2 AU from the Sun. (D) Post-perihelion at 2.5 AU from the Sun (see the Supplementary Materials and table S6).

observations suggest that this dust is depleted in hypervolatiles and
is emitting water that is highly enriched in HDO and H,'’O, as
predicted by the enrichment stage illustrated in Fig. 2F. However,
seasonal effects on the comet should be considered. The northern
hemisphere was experiencing summer and released more water
than the southern hemisphere, leading to a higher abundance of
hypervolatiles relative to water in the south, e.g., (37).

As the comet neared the Sun, the outgassing rate increased.
Figure 3B shows that the trend with latitude decreased (see the
Supplementary Materials and table S6), as expected when higher
water production from the nucleus reduces the influence of en-
riched dust on the coma. Notably, the isotope ratios became lighter
as the spacecraft moved to farther distances from the nucleus, agreeing
with the prediction that D/H will decrease with increasing distance
as dust dries out and has less influence on the coma. Our measure-
ments are also in general agreement with previously published values
during this time (see Materials and Methods and Table S5) (32, 34).

When the comet approached its closest point to the Sun, as in-
dicated by the vertical blue line in Fig. 3C, D/H decreased substan-
tially at distances beyond 120 km from the nucleus. Furthermore,
this observation revealed that the variation in the D/H ratio with re-
spect to both distance and latitude disappears (see the Supplementary
Materials and table S6). This is the one time where our derived values
do not match those previously published (see Materials and Methods
and table S5) (32, 34). The most likely reason for this difference is
that the previous study assumed a lower signal for H,'’O than we
were able to determine using the more robust Bayesian NS methods.

As the comet moved away from the Sun during post-perihelion,
a slight trend with latitude reappeared (see the Supplementary
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Materials and table S6). At this time new dust was being released
from the nucleus in the southern hemisphere. The heavier ratios
are in the southern hemisphere, coinciding with the greatest influ-
ence of dust. Notably, enriched D/H correlates with increased
hypervolatiles, which is opposite to what would be expected from
seasonal effects (37), suggesting that this is a correlation with
hypervolatiles being released from new dust (see the Supplementary
Materials and table S6). Our derived values in the southern hemi-
sphere where dust is having the greatest influence agree with
those previously published (see Materials and Methods and table
S5) (32, 34).

Determining D/H in the nucleus

The critical value for understanding water distribution in the PSN is
the bulk D/H in water ice in the nucleus. Because dust can influence
D/H in a coma, it is possible that some of the spread in cometary
values shown in Fig. 1A could be caused by dust influences on the
coma. D/H is best measured at a sufficient distance from the nucleus
that ice sublimating from dust grains is not influencing the local
value and the water is well mixed. To determine the minimum dis-
tance at which the bulk nucleus D/H could be measured, we evalu-
ated D/H as a function of distance from the nucleus. Furthermore,
knowing that a dust cycle existed, we evaluated D/H as a function of
distance at different stages of the orbit. The variability is shown in
Fig. 4. In general, the value remained consistent during post-
perihelion at distances greater than 120 km from the nucleus (fig. S7).
Therefore, the D/H in water at 67P/C-G should be (2.59 + 0.36) X
107 The '°0/"70 and '°0/"®0O derived through this method,
2214 + 340 (fig. S6 and table S8) and 392 + 73 (fig. S6 and table S9),
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respectively, have similar values to those previously published but
with larger uncertainties based on the variability of individual measure-
ments. On the basis of these results, the H,'*0/H,""O is 5.65 + 1.36,
in good agreement with the Rosetta Microwave Instrument for the
Rosetta Orbiter (MIRO) determination of 5.6 + 0.8 (19).

DISCUSSION

What is most notable about this result is that the D/H can be 3 to
10 times the terrestrial value when influenced by dust, but outside of
the influence of dust is only 1.2 to 1.6 times the terrestrial value. As
shown in Fig. 1A, this places 67P/C-G in line with other JFCs, re-
opening the possibility that JECs could have contributed a signifi-
cant fraction of Earth’s water, e.g., (6).

Furthermore, a lower D/H places the formation location closer to
the Sun, consistent with the fact that this comet is water-rich. Comets
that are N,- and CO-dominated, like C/2016 R2 Pan-STARRS (38, 39),
would have formed farther from the Sun and would be expected to
have larger D/H (40) like the value originally published for 67P/C-G
(10). Our derived D/H is much smaller than the one observed in
Enceladus’ plume (40). This suggests that the grains that formed 67P/C-
G condensed closer to the Sun. The range of D/H ratios across comets
and Saturn’s moons (41, 42) underscores the inefficiency of turbulent
mixing within the PSN to eliminate local variations in D/H. The build-
ing blocks of comets and moons likely agglomerated from indigenous

Mandt et al., Sci. Adv. 10, eadp2191 (2024) 13 November 2024

material within the PSN, which did not disperse over several astro-
nomical units.

Last, the smaller D/H observed in 67P/C-G suggests that its primi-
tive grains likely condensed within the PSN rather than originating
from the interstellar medium (ISM). Icy grains originating from the
ISM would exhibit D/H enrichments two orders of magnitude higher
compared to the nearly terrestrial value measured in 67P/C-G (43).
The condensation of cometary grains within the PSN implies that
they were initially crystalline before accretion, and the possibility of
their agglomeration from clathrates cannot be discounted (44-46).

MATERIALS AND METHODS

DFMs

The ROSINA DFMS (20) was a high-resolution high-sensitivity
mass spectrometer that flew onboard the Rosetta spacecraft. The
mass resolution, m/Am, exceeded 3000 at 1% of the peak height,
which is sufficient to separate CO from N and *CH from "*C. The
sensitivity was greater than 10> A/mbar, which corresponds to a
density of 1 cm™ being measured at 0.2 counts/s. The dynamic
range of DFMS was 10 (20). The instrument measured the mass/
charge of ionized neutrals in the coma of comet 67P/C-G through a
combination of an electrostatic analyzer to measure the ion energy
and a magnet that measures momentum, a configuration known
as the Nier-Johnson geometry (47). Neutral species were first jon-
ized using electron impact ionization. The ions passed through the
instrument where they were separated according to their mass and
were measured by the detector.

The detector has two rows, and the signal is spread between the
two rows as illustrated in figure 6 in (48). Each pixel on the detector
measures the counts as a function of mass based on the mass resolu-
tion setting for the specific measurement, creating a spectrum of
summed peaks for all species within the mass range. An example
for mass 19 in high resolution is illustrated in fig. S1. Each species
is presented as a Gaussian-like peak and the area under the curve
gives the signal for that species. Figure S1 shows how some species
can overlap and create a challenge for determining individual species’
signals. Although the total signal for each species will differ between
rows A and B, the relative signals of each species compared to each
other should be the same for both rows.

The sensitivity of the detector could be varied by adjusting the
detector gain, which is represented by the voltage difference be-
tween the front and back of the detector. The detector gain had 16
possible steps depending on the sensitivity needed for measuring
the abundance of a species without saturating. As the detector aged,
the gain for each gain step varied according to the values derived in
(36). In addition, the gain for each pixel on the detector degraded
over time requiring pixel gain corrections. The level 3 data that are
publicly available and used for this analysis have been corrected for
pixel gain and gain step adjustments.

Rosetta arrived within 1000 km of 67P/C-G in August 2014
when the comet was 3.6 AU from the Sun. The spacecraft remained
in orbit around the comet for nearly 800 days, ending the mission by
landing on the comet on 30 September 2016. The spacecraft obser-
vations cover a Sun distance range between 3.6 AU at the beginning
of the mission, through perihelion at 1.2 AU and out to 3.8 AU at the
end of the mission. Rosetta measurements also covered the coma at
a wide range of distances from the nucleus (fig. S2).
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Determining the signal of a species
The signal of a species measured by DEMS is determined by fitting a
model for the signal of each species that should appear in a mass
spectrum to the shape of each peak where a signal is observed. This
is done using inferred fitting parameters to determine the area under
the curve. Although previous publications appear to only show single
Gaussians for each species [fig. S1; (10, 32)], the previously published
fits were done using a double Gaussian model and the published fig-
ures show the sum of the two Gaussians.

For the ith species, the double Gaussian functional form for fitting
DFMS measurements is given by

2 2
counts; = a,exp l_(PlC_Po> ] + a,exp l_(P_iCPo> ] (1)
1 2

where a; and a; are the amplitudes of the first and second Gaussians,
c1 and ¢; are the widths of the first and second Gaussians, py is the
pixel zero position for the location of the integer mass on the detector,
and p; is each detector pixel value at which the Gaussian is evaluated
(10, 32, 34-36). While the first Gaussian terms a; and ¢ are speci-
fied uniquely, the second Gaussian terms are related to the first by
a, = 0.1 a; and ¢; = 3¢y, such that the second Gaussian is broader
and lower amplitude than the first.

The total number of ions incident on the detector is calculated by
integrating the area under the curve of the fit to the peak in the mass
spectrum, which is analytic given the double Gaussian model for-
mulation and given by (32)

ﬁ(alcl +a,0,) (2)

The total mass spectrum that we fit to the DFMS measurements
is given by the sum of the individual species’ double Gaussians

N
F(0) = total counts = Z counts, (3)

i=1

which we refer to as F(0) for shorthand notation, for N different
species with features included in the fit for a given mass. Since each
species contributes a different term to the preceding sum (corre-
sponding to a different peak), the total count integral is separable
and can be solved individually for each species.

The pixel location of the central mass for a given species requires
special attention. The pixel location of the Gaussian peak is given by

relation
Dz my
Pp=PO+71n<_mO> (4)

where m,, is the mass-to-charge ratio that falls on pixel py, pg is the
pixel where the commanded mass my is located, x is the step width
between two pixels (x = 25 pm), D is the mass dispersion factor,
and z is the zoom factor (48). While mj, and x are generally known
quantities, D, z, and py are known to vary for different measure-
ments and therefore may introduce errors into the calculation con-
verting from mass to pixel and vice versa. When fitting for most
species, we can reasonably assume a fixed value for these variables,
but in a special case described below, we allow D, z, and pj to vary
and fit for them between relatively tight bounds based on literature
values (table S4).
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Measuring water isotopes using DFMS observations
The detailed methodology for determining the water isotopes using
observations from DFMS is outlined in (35). Three isotope ratios
can be derived using these measurements

« D/H=HD'®0/(2*H,'°0)

« 160/880=H,'50/H, *0

< 160/"70=H,'$0/H,'70

The isotope ratios are calculated by dividing the signal measured
for one isotopolog by the signal for the other isotopolog. The most
abundant isotopolog, H,'°O, is required for determining all three of
the isotope ratios. It is the primary molecule that is measured at
mass 18, so determining the total signal for this species in mass 18 is
straightforward. We evaluated the full mission dataset, deriving the
signal of H,'°0 for 64,489 measurements.

The heaviest oxygen isotopolog, H,'®0, is the main peak in mass
20 and the only species in its peak. It has a fragment, '*OH, in mass
19 (fig. S1). This fragment is the only species in the second peak in
mass 19 so determining the abundances of H,'®0 and "*OH is also
straightforward. We determined the signal for H,'®0 and '*OH for
17,940 and 16,457 measurements, respectively. This species was
used for determining how water is dissociated in the instrument
and for evaluating the gain correction based on the measured
"*OH/H,"*0 (36).

The unique case of mass 19

HD'0 and H,"O are also measured in mass 19 and their peaks
overlap (fig. S1). According to (10, 34-36), these are the only two
species in the third peak in mass 19. However, figure 1 in (32) sug-
gests that a third species, H30, is also present in this peak. No expla-
nation is provided in the paper for why this species was introduced
or should be included in the fits.

Determining the signal for multiple species that appear in a sin-
gle peak is challenging. In these cases, there are correlations be-
tween the possible values of each species’ peak that can potentially
bias the inferred results if only a single solution is obtained by stan-
dard nonlinear least squares optimization. To characterize the ex-
tent of these correlations and infer solutions that account for these
correlations, we fit the DFMS spectra using the aforementioned
forward model within a Bayesian framework designed to explore
the full posterior probability density, including parameter covari-
ances. The crux of the approach involves numerically evaluating
Bayes theorem for the posterior probability of model parameters 6
given observations, y

P(y10) P(0)
P(y)

where P(y|0) is the likelihood of the data given the model param-
eters, P(0) is the prior probability of the model parameters, and P(y)
is the marginal likelihood or “Bayesian evidence.” Put simply, Bayes
theorem provides a statistical formalism to the process of updating
one’s knowledge on a system given new data. Following typical
Bayesian methods in astronomy, we evaluate the logarithm of the
above equation. We define the log likelihood in terms of the stan-
dard y* “goodness of fit” metric

P(8ly) = (5)

—F©)1?
y ()] ©)

c

log[P(Oly)] =logL = _%Xz = —% Z [
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where, again, y are the measurement data, ¢ are the measurement
errors, F(0) is the double Gaussian forward model, and the sum runs
over all pixels in the mass spectrum measurement. Given a set of
model parameters 0, the forward model can be evaluated and com-
pared to the spectrum using the log-likelihood function.

In addition to the likelihood function, the prior probability of the
model parameters P(0) or “priors” are critical to evaluating Bayes
theorem. Priors encode the probability of the model parameters tak-
ing on any value before the assessment of the new measurements, y.
For entirely unknown parameter values, it is common to simply
bind them between two extremes beyond which they may be con-
sidered to be unphysical or unaffecting of the forward model. To
implement this common approach, a uniform prior is used, which
assigns equal probability to all values between the upper and lower
bounds. Another common approach is to use a Gaussian prior, where
probability is assigned following a normal distribution with a mean
and SD informed by previous measurements or information. In this
work, we use both uniform priors and Gaussian priors depending
on the parameter. We chose to use Gaussian priors for parame-
ters where uncertainties were known for them before the mea-
surements being made. For example, the central pixel, po, and the
uncertainty on it are provided in the data file header and the zoom
factor, z, for mass 19 has been previously reported as 6.6 + 0.2 [table
9 in (49)]. We allowed the other fitted parameters to vary broadly
to allow the data to constrain their value. Table S4 lists each of our
model parameters and their respective priors used for the Bayesian
inference. We note the use of the log of the Gaussian width and am-
plitude as fitting parameters due to the orders of magnitude that each
parameter can span.

There are many different approaches that can be used to solve the
inverse problem (Eq. 6) for the values of the model parameters given
the data. In the simplest and most common approach, one can use a
nonlinear least squares optimization method to find the best-fitting
model parameters. However, the propagation of errors through the
forward model, from the measurement uncertainties through to the
inferred model parameters, is nontrivial. This holds particularly
true in the case of overlapping species that are covariant with one
another and for cases with nondetections, where only an upper lim-
it can be inferred. As a result, we implemented methods that can
derive the full shape of the posterior distribution (i.e., histograms
for each fitting parameter) so as to be robust to parameter covari-
ances and non-Gaussian posteriors.

We initially opted for a Markov chain Monte Carlo sampling
method; however, the degeneracy between HDO and H3O proved
to be challenging for the method to efficiently sample and, at times,
led to multimodal posteriors. To mitigate this sampling issue, we
implemented a NS approach (50) using the dynesty Python package
(50). This method is well-suited for inverse problems with strong
parameter degeneracies and multimodal posteriors. Through this
approach, the information gained from each observation can be for-
mally quantified using the Kullback-Leibler divergence between the
prior probability and posterior probability density distributions.
This is quantified by the natural logarithm in calculating the infor-
mation, in units are referred to as “nats.” Conveniently, dynesty esti-
mates this quantity. We find that the average information gain from
a DFMS mass 19 observation is 21.0 + 1.7 nats for row A and
22.4 + 1.8 nats for row B. The general scaling of the information is
such that the more counts that are on the ROSINA detector, the
higher the information gain we are able to obtain. While this is the
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expected result, it indicates that our choice of model construction
and parameter priors is not driving our inferences and instead our
results are entirely driven by the data.

NS is a method for calculating the Bayesian evidence and poste-
rior distribution for inference problems that are constructed in a
similar manner to that described above. A thorough description of
the algorithm is provided in (51, 52), but we summarize it here for
completeness. The NS algorithm uses so-called “live points” to sam-
ple the entire parameter volume and, through successive iteration,
converge upon the highest probability (best-fitting) regions of the
parameter space. The number of live points is determined by the
user, but throughout this work, we used 1000 live points for all of
our fits. The approach begins by randomly drawing live points from
the prior volume (the range of all possible values for each fitting
parameter) and evaluating the log likelihood for each live point.
Then, the code iterates using the following procedure. The resulting
live points are sorted by their respective log-likelihood values and
the lowest likelihood live point (i.e., the worst fit) is removed from
the set. A new live point is randomly drawn from the prior, its likeli-
hood is evaluated, and if the likelihood is higher than the discarded
live point, then it joins the set of live points, otherwise a new ran-
dom sample is drawn until it satisfies this criterion. By iterating
through this approach, the set of live points effectively constricts
upon the higher likelihood regions of the parameter volume, iterat-
ing through concentric “shells” of likelihood. This allows for a com-
putationally efficient estimating of the Bayesian evidence, which is
defined as the integral of the likelihood over the entire parameter
volume, as well as an estimation of the full posterior distribution as
a by-product.

Why the fits for HDO and H,'”0 should not include H;0

After fitting mass 19 with and without H30, we evaluated whether
the presence of H30 is demonstrated by the results and concluded
based on three criteria that H3O is not present in the signal. First, we
note that fits with H3O can be visibly good, as shown in fig. S2, but
note that this opens up degeneracy between HDO and H3;O that
heavily skews the subsequent results for both species. Note how the
covariances and the peaks of the distributions shown in fig. S3 dem-
onstrate that the determination of whether there is more HDO or
H;0 depends on where the probability (or samples) “fall(s)” along
these curving degeneracies. The entire set of results exhibits this
same characteristic degeneracy, which means that the degeneracy is
what dictates whether the peak is dominated by HDO or H30 and
not the physical reality of one species being more abundant than the
other. This suggests that including H3O fundamentally affects the
HDO result, since the two peaks cannot be effectively separated, and
which species is found to contribute more signal appears effectively
random and potentially subject to systematics.

Second, the results with H30 do not track physically with the
other well-separated species that ought to be related to both HDO
and H3;0, nor do they agree between rows A and B. Although the
total signal in rows A and B will be different, the relative signal of
one species to another should be the same on both rows. As shown
in fig. 54, this is only the case when H3O is not included in the fits
suggesting that this species is probably not present in the signal.

Last, H3O is not actually present in the coma and is theorized to
form in the instrument. The ionization process of H,O produces H*
as a fragment that reacts with H,O in the instrument to form H;0".
Thus, the H;O" intensity should be strongly correlated with the
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H,O intensity, which it is not. Because there is no correlation, there
is no clear physical evidence for H3O to be present, while HDO does
have a good physical reason to be in this signal.

Evaluating the validity of the measurements and

calculating uncertainties

Although we had sufficient data to determine the water isotope ra-
tios for more than 16,000 observations, some evaluation of the va-
lidity of these measurements was needed. When the instrument is
off, water from the coma adsorbs to it and is driven off when the
instrument heats up after being turned on again. We therefore ex-
cluded all observations that were made within 2 hours after the in-
strument was turned on following a period when the instrument
was not actively taking measurements.

We only included observations where the three relevant masses
were measured within 20 min of each other and excluded all obser-
vations where the angle between the instrument aperture and the
nucleus was larger than 10°. We found that one mode of observation
provided isotope ratios that were anomalously high compared to all
other modes and excluded observations made with that mode.

Last, we evaluated the overall uncertainty in the resulting mea-
surements and set restrictions on which observations to include.
Previously published isotope ratios determined the uncertainty
based on several factors: uncertainties due to the pixel gain and gain
step corrections, statistical errors based on the count rates, and un-
certainties in the fits. The uncertainty due to the pixel gain is esti-
mated at 5% while the gain step is 6% (32). The common approach
for determining the errors on a signal measured is to use the square
root of the signal, so the magnitude of this part of the uncertainty
depends on the signal itself. The error due to uncertainty in the
fit for mass 19 due to the overlapping signals of HDO and H,'’0
has been reported to be 25% (34). The error in the other fits is
much smaller.

We used data that were already corrected for the pixel gain and
gain step and propagated the reported uncertainties of 5% for pixel
gain and 6% for gain step (32) into our derived values. Our Bayesian
NS fitting method combines the statistical uncertainty from mass 19
with the fit error by propagating the errors numerically. This ap-
proach tends to give larger uncertainties that more accurately ac-
count for parameter covariances, which is particularly true for
overlapping species. The errors in the other masses were determined
based on the counting statistics.

As the final step in determining which measurements were accu-
rate enough to include in our study, we evaluated the quality of mea-
surements based on uncertainties. We excluded all D/H and *0/"0
observations where the uncertainty in mass 19 the fit exceeded 50%.
Similarly, we excluded all '*0/'®0 observations where the uncertain-
ty was greater than 50%. After selecting data based on the above con-
ditions, we have a total of 4339 simultaneous measurements of D/H
and '°0/70 in water and 9177 of '°0/130 in water (fig. S5).

Comparison of derived isotope ratios with previous
published values

We compare our determinations of all three isotope ratios with
those that have been published previously (Fig. 3 and fig. S5) and
provide a full comparison of the individual D/H measurements and
uncertainties (table S5). Note that although our uncertainties are
much smaller because the method for fitting mass 19 is more accu-
rate than previous approaches, we elected to exclude several of the
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data points used in previous studies because the quality of the fit to
mass 19 was too poor (table S5).

In general, we can reproduce the D/H ratios published in (10) for
4 and 5 September 2014 and (34) for 3 December 2015 and 15 to
21 March 2016. Furthermore, we reproduce the ratios published in
(32) for May 2015 and March 2016 but obtain a statistically signifi-
cant difference in all values during August 2015, which is the period
around perihelion. The only differences between our methods and
the ones described in (32) are our overall method for fitting mass 19
and that we do not include H;O in our fits. Including H30 would
further reduce the D/H, so this cannot explain the difference be-
tween our results and these published values. The only other possi-
ble explanation is if the fit to mass 19 used by (32) assumed less
H,'70O during this time period than we found using the more rigor-
ous NS methods outlined above.

Our results for °0/”O agree with those published in (10) for 4
and 5 September 2014 and the ratios published in (36) for May 2015
and March 2016. Our results generally agree (fig. S5) with the average
for the mission published in (32). Last, the values we derive for
1%0/*0 agree with those published in (10) for 4 and 5 September
2014 (fig. S5) and the mission average published in (36).

Determination of the best values for representing the

bulk nucleus

As we showed in Results and Fig. 3, dust influences the D/H value
and the amount this value varies as represented by the SD as a func-
tion of latitude when the spacecraft is near the comet and the water
outgassing rates are low (Fig. 3, A and D). We also showed that the
D/H value and variation as represented by the SD both decrease
with increasing distance as the dust dries out showing that the influ-
ence on the local measurements is reduced (Fig. 3, B and C). We
noted in Fig. 3C that the variation with distance went away after a
certain distance from the nucleus had been reached. When the D/H
is plotted as a function of distance and separated by pre- and post-
perihelion (fig. S7), we find that the isotope ratio is relatively stable
post-perihelion at distances farther than 120 km from the nucleus.
These measurements are the most reliable for determining the D/H
ratio of the bulk nucleus ice. The measurements of '°0/'’O and
'°0/"0 demonstrate more scattering than the D/H. The '°0/70
follows a similar pattern to D/H with a preference for a “lighter”
isotope ratio post-perihelion outside of 120 km (fig. S7). However,
1%0/™0 displays as much scatter in these observations as through-
out the rest of the mission (fig. S7).

To determine the water isotope ratio in the bulk nucleus, we sep-
arated the 4339 D/H and '°0/"0 and 9177 of '°0/'®0 measure-
ments into various bins based on the phase of the dust cycle, latitude,
and distance from the comet. We calculated the mean, the uncer-
tainty of the mean based on the individual errors, the SD, and the
skewness for each of the bins (tables S7 to S9). The average and SD
give a mean value and an indication of the spread of values over the
population. In all cases the SD is larger than the uncertainty of the
mean. Because the variability provides an indication of the role of
dust in the local coma measurements, we use this value for the error
bars (Fig. 4 and fig. S6) and to determine the uncertainty for the
derived isotope ratios. The skewness indicates whether the distribu-
tion of measurements is a normal distribution, meaning that the
average is representative of the true mean, or if the distribution is
skewed toward high values for a positive skewness or low values for
a negative skewness.
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It is first notable that the D/H varies significantly and is much
larger close to the nucleus compared to far away. The spread of val-
ues is also very large except for post-perihelion outside of 120 km.
The skewness indicates that measurements inside of 120 km are
skewed toward higher values, suggesting that the mean does not ac-
curately represent an average value.

Although D/H is most susceptible to variation based on the in-
fluence of dust, the oxygen isotopes are also influenced. However,
the skewness indicates a nearly normal distribution for all bins, sug-
gesting that the influence is not nearly as large for oxygen as for
D/H. Most notable is the intense enrichment in the heavy isotopes
70 and "0 in the northern hemisphere during pre-perihelion at
the same time as when the most extreme enrichment in D/H is also
observed. This demonstrates that oxygen isotopes are also affected
by dust processing on the surface.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1to S7

Tables S1 to S9

Legend for data S1

References

Other Supplementary Material for this manuscript includes the following:
Data S1

REFERENCES AND NOTES

1. National Academies of Sciences, Engineering, and Medicine. Origins, Worlds, and Life: A
Decadal Strategy for Planetary Science and Astrobiology 2023-2032. (National Academies
Press, Washington, DC 2022).

2. E.Jacquet, F. Robert, Water transport in protoplanetary disks and the hydrogen isotopic
composition of chondrites. Icarus 223, 722-732 (2013).

3. P.R.Mahaffy, T. M. Donahue, S. K. Atreya, T. C. Owen, H. B. Niemann, Galileo probe
measurements of D/H and 3He/4He in Jupiter’s atmosphere. Space. Sci. Rev. 84, 251-263
(1998).

4. G.L.Villanueva, M. J. Mumma, R. E. Novak, H. U. Kaufl, P. Hartogh, T. Encrenaz,
A.Tokunaga, A. Khayat, M. D. Smith, Strong water isotopic anomalies in the martian
atmosphere: Probing current and ancient reservoirs. Science 348, 218-221 (2015).

5. H.Lammer, R. Brasser, A. Johansen, M. Scherf, M. Leitzinger, Formation of Venus, Earth
and Mars: Constrained by isotopes. Space. Sci. Rev. 217, 1-35 (2021).

6. P.Hartogh, D. C. Lis, D. Bockelée-Morvan, M. de Val-Borro, N. Biver, M. Kiippers,

M. Emprechtinger, E. A. Bergin, J. Crovisier, M. Rengel, R. Moreno, S. Szutowicz,
G. A. Blake, Ocean-like water in the Jupiter-family comet 103P/Hartley 2. Nature 478,
218-220(2011).

7. B.Marty, The origins and concentrations of water, carbon, nitrogen and noble gases on
Earth. Earth Planet. Sci. Lett. 313-314, 56-66 (2012).

8. L.Piani, Y. Marrocchi, T. Rigaudier, L. G. Vacher, D. Thomassin, B. Marty, Earth’s water may
have been inherited from material similar to enstatite chondrite meteorites. Science 369,
1110-1113 (2020).

9. K.Mezger, A. Maltese, H. Vollstaedt, Accretion and differentiation of early planetary
bodies as recorded in the composition of the silicate Earth. Icarus 365, 114497 (2021).

10. K. Altwegg, H. Balsiger, A. Bar-Nun, J. J. Berthelier, A. Bieler, P. Bochsler, C. Briois,
U. Calmonte, M. Combi, J. De Keyser, P. Eberhardt, B. Fiethe, S. Fuselier, S. Gasc,
T.1. Gombosi, K. C. Hansen, M. Hassig, A. Jackel, E. Kopp, A. Korth, L. Leroy, U. Mall,
B. Marty, O. Mousis, E. Neefs, T. Owen, H. Réme, M. Rubin, T. Sémon, C.-Y. Tzou, H. Waite,
P.Wurz, 67P/Churyumov-Gerasimenko, a Jupiter family comet with a high D/H ratio.
Science 347, 1261952 (2015).

11. D.C.Lis, N. Biver, D. Bockelée-Morvan, P. Hartogh, E. A. Bergin, G. A. Blake, J. Crovisier,
M. de Val-Borro, E. Jehin, M. Kiippers, J. Manfroid, R. Moreno, M. Rengel, S. Szutowicz,
A Herschel study of D/H in water in the Jupiter-family comet 45P/Honda-Mrkos-
Pajdusakova and prospects for D/H measurements with CCAT. Astrophys. J. Lett. 774, L3
(2013).

12. D.C.Lis, D. Bockelée-Morvan, R. Giisten, N. Biver, J. Stutzki, Y. Delorme, C. Duran,
H. Wiesemeyer, Y. Okada, Terrestrial deuterium-to-hydrogen ratio in water in hyperactive
comets. Astron. Astrophys. 625, L5 (2019).

Mandt et al., Sci. Adv. 10, eadp2191 (2024) 13 November 2024

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

. N.Biver, D. Bockelée-Morvan, J. Crovisier, D. C. Lis, R. Moreno, P. Colom, F. Henry, F. Herpin,

G. Paubert, M. Womack, Radio wavelength molecular observations of comets C/1999T1
(McNaught-Hartley), C/2001 A2 (LINEAR), C/2000 WM1 (LINEAR) and 153P/lkeya-Zhang.
Astron. Astrophys. 449, 1255-1270 (2006).

. E.L.Gibb, B. P.Bonev, G. Villanueva, M. A. DiSanti, M. J. Mumma, E. Sudholt, Y. Radeva,

Chemical composition of Comet C/2007 N3 (Lulin): Another “atypical” comet. Astrophys.
J. 750,102 (2012).

. N.Biver, R. Moreno, D. Bockelée-Morvan, A. Sandqvist, P. Colom, J. Crovisier, D. C. Lis,

J. Boissier, V. Debout, G. Paubert, S. Milam, A. Hjalmarson, S. Lundin, T. Karlsson,

M. Battelino, U. Frisk, D. Murtagh; The Odin team, Isotopic ratios of H, C, N, O, and S in
comets C/2012 F6 (Lemmon) and C/2014 Q2 (Lovejoy). Astron. Astrophys. 589, A78
(2016).

. L. Paganini, M. J. Mumma, E. Gibb, G. L. Villanueva, Ground-based detection of deuterated

water in comet C/2014 Q2 (Lovejoy) at IR wavelengths. Astrophys. J. Lett. 836, L25 (2017).

. M.Womack, G. Sarid, K. Wierzchos, CO and other volatiles in distantly active comets. Publ.

Astron. Soc. Pac. 129, 031001 (2017).

. A.Gicquel, J. B. Vincent, J. Agarwal, M. F. AHearn, . Bertini, D. Bodewits, H. Sierks, Z.-Y. Lin,

C. Barbieri, P. L. Lamy, R. Rodrigo, D. Koschny, H. Rickman, H. U. Keller, M. A. Barucci,

J.-L. Bertaux, S. Besse, G. Cremonese, V. Da Deppo, B. Davidsson, S. Debei, J. Deller,

M. De Cecco, E. Frattin, M. R. EI-Maarry, S. Fornasier, M. Fulle, O. Groussin, P. J. Gutiérrez,

P. Gutiérrez-Marquez, C. Guttler, S. Hofner, M. Hofmann, X. Hu, S. F. Hviid, W.-H. Ip, L. Jorda,
J. Knollenberg, G. Kovacs, J.-R. Kramm, E. Kiihrt, M. Klippers, L. M. Lara, M. Lazzarin,

J.J. Lopez Moreno, S. Lowry, F. Marzari, N. Masoumzadeh, M. Massironi, F. Moreno,

S. Mottola, G. Naletto, N. Oklay, M. Pajola, A. Pommerol, F. Preusker, F. Scholten, X. Shi,
N.Thomas, I. Toth, C. Tubiana, Sublimation of icy aggregates in the coma of comet 67P/
Churyumov-Gerasimenko detected with the OSIRIS cameras on board Rosetta. Mon. Not.
R. Astron. Soc. 462, S57-566 (2016).

. N. Biver, D. Bockelée-Morvan, M. Hofstadter, E. Lellouch, M. Choukroun, S. Gulkis,

J. Crovisier, F. P. Schloerb, L. Rezac, P. von Allmen, S. Lee, W. H. Ip, P. Hartogh, P. Encrenaz,
G. Beaudin; The MIRO team, Long-term monitoring of the outgassing and composition of
comet 67P/Churyumov-Gerasimenko with the Rosetta/MIRO instrument. Astron.
Astrophys. 630, A19 (2019).

H. Balsiger, P. Bochsler, P. Eberhardt, J. Fischer, S. Graf, A. Jéckel, E. Kopp, U. Langer,

M. Mildner, J. Miiller, T. Riesen, M. Rubin, S. Scherer, P. Wurz, S. Wathrich, E. Arijs,

S. Delanoye, J. De Keyser, E. Neefs, D. Nevejans, H. Reme, C. Aoustin, C. Mazelle,

J-L. Médale, J. A. Sauvaud, J.-J. Berthelier, J.-L. Bertaux, L. Duvet, J.-M. llliano, S. A. Fuselier,
A. G. Ghielmetti, . Magoncelli, E. G. Shelley, A. Korth, K. Heerlein, H. Lauche, S. Livi,

A. Loose, U. Mall, B. Wilken, F. Gliem, B. Fiethe, T. I. Gombosi, B. Block, G. R. Carignan,

L. A. Fisk, J. H. Waite, D. T. Young, H. Wollnik, Rosina-Rosetta orbiter spectrometer for ion
and neutral analysis. Space. Sci. Rev. 128, 745-801 (2007).

B. Pestoni, K. Altwegg, H. Balsiger, N. Hanni, M. Rubin, |. Schroeder, M. Schuhmann,

S. Wampfler, Detection of volatiles undergoing sublimation from 67P/Churyumov-
Gerasimenko coma particles using ROSINA/COPS-II. The nude gauge. Astron. Astrophys.
651, A26 (2021).

J. de Keyser, F. Dhooghe, K. Altwegg, H. Balsiger, J.-J. Berthelier, C. Briois, U. Calmonte,

G. Cessateur, M. R. Combi, E. Equeter, B. Fiethe, S. Fuselier, S. Gasc, A. Gibbons, T. Gombosi,
H. Gunell, M. Hassig, L. Le Roy, R. Maggiolo, U. Mall, B. Marty, E. Neefs, H. Réme, M. Rubin,
T. Sémon, C.-Y. Tzou, P. Wurz, Evidence for distributed gas sources of hydrogen halides in
the coma of comet 67P/Churyumov-Gerasimenko. Mon. Not. R. Astron. Soc. 469,
$695-S711 (2017).

M. Hoang, P. Garnier, J. Lasue, H. Réme, M. T. Capria, K. Altwegg, M. Lauter, T. Kramer,

M. Rubin, Investigating the Rosetta/RTOF observations of comet 67P/Churyumov-
Gerasimenko using a comet nucleus model: Influence of dust mantle and trapped CO.
Astron. Astrophys. 638, A106 (2020).

G. A. Blake, C. Qi, M. R. Hogerheijde, M. A. Gurwell, D. O. Muhleman, Sublimation from icy
jets as a probe of the interstellar volatile content of comets. Nature 398, 213-216 (1999).
R. H. Brown, D.S. Lauretta, B. Schmidt, J. Moores, Experimental and theoretical
simulations of ice sublimation with implications for the chemical, isotopic, and physical
evolution of icy objects. Planet. Space Sci. 60, 166-180 (2012).

C. Lécuyer, A. Royer, F. Fourel, M. Seris, L. Simon, F. Robert, D/H fractionation during the
sublimation of water ice. Icarus 285, 1-7 (2017).

J. E. Moores, R. H. Brown, D. S. Lauretta, P. H. Smith, Experimental and theoretical
simulation of sublimating dusty water ice with implications for D/H ratios of water ice on
Comets and Mars. Planet. Sci. 1,2 (2012).

B.J. Davidsson, S. Birch, G. A. Blake, D. Bodewits, J. P. Dworkin, D. P. Glavin, Y. Furukawa,
J.1. Lunine, J. L. Mitchell, A. N. Nguyen, S. Squyres, A. Takigawa, J.-B. Vincent, K. Zacny,
Airfall on comet 67P/Churyumov-Gerasimenko. lcarus 354, 114004 (2021).

S. Fornasier, S. Mottola, H. U. Keller, M. A. Barucci, B. Davidsson, C. Feller,

J. D. P. Deshapriya, H. Sierks, C. Barbieri, P. L. Lamy, R. Rodrigo, D. Koschny, H. Rickman,

M. A'Hearn, J. Agarwal, J.-L. Bertaux, |. Bertini, S. Besse, G. Cremonese, V. Da Deppo,

S. Debei, M. De Cecco, J. Deller, M. R. EI-Maarry, M. Fulle, O. Groussin, P. J. Gutierrez,

C. Guttler, M. Hofmann, S. F. Hviid, W.-H. Ip, L. Jorda, J. Knollenberg, G. Kovacs, R. Kramm,

90of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

E. Kiihrt, M. Kiippers, M. L. Lara, M. Lazzarin, J. J. L. Moreno, F. Marzari, M. Massironi,

G. Naletto, N. Oklay, M. Pajola, A. Pommerol, F. Preusker, F. Scholten, X. Shi, N. Thomas,

I. Toth, C. Tubiana, J.-B. Vincent, Rosetta’s comet 67P/Churyumov-Gerasimenko sheds its
dusty mantle to reveal its icy nature. Science 354, 1566-1570 (2016).

30. M. Choukroun, K. Altwegg, E. Kiihrt, N. Biver, D. Bockelée-Morvan, J. Drazkowska,

A. Hérique, M. Hilchenbach, R. Marschall, M. Pétzold, M. G.T. Taylor, N. Thomas,
Dust-to-gas and refractory-to-ice mass ratios of comet 67P/Churyumov-Gerasimenko
from Rosetta observations. Space. Sci. Rev. 216, 44 (2020).

31. H.U.Keller, S. Mottola, S. Hviid, J. Agarwal, E. Kiihrt, Y. Skoroy, K. Otto, J.-B. Vincent,

N. Oklay, S. E. Schroder, B. Davidsson, M. Pajola, X. Shi, D. Bodewits, . Toth, F. Preusker,
F. Scholten, H. Sierks, C. Barbieri, P. Lamy, R. Rodrigo, D. Koschny, H. Rickman,

M. F. A'Hearn, M. A. Barucci, J.-L. Bertaux, . Bertini, G. Cremonese, V. Da Deppo,

S. Debei, M. De Cecco, J. Deller, S. Fornasier, M. Fulle, O. Groussin, P. J. Gutiérrez,
C.Guttler, M. Hofmann, W.-H. Ip, L. Jorda, J. Knollenberg, J. R. Kramm, M. Kiippers,

L.-M. Lara, M. Lazzarin, J. J. Lopez-Moreno, F. Marzari, G. Naletto, C. Tubiana, N. Thomas,
Seasonal mass transfer on the nucleus of comet 67P/Chuyumov-Gerasimenko. Mon.
Not. R. Astron. Soc. 469, S357-5371 (2017).

32. D.R.Miller, K. Altwegg, J. J. Berthelier, M. Combi, J. De Keyser, S. A. Fuselier, N. Hanni,

B. Pestoni, M. Rubin, . R. Schroeder, S. F. Wampfler, High D/H ratios in water and alkanes
in comet 67P/Churyumov-Gerasimenko measured with Rosetta/ROSINA DFMS. Astron.
Astrophys. 662, A69 (2022).

33. I.R.Schroeder, K. Altwegg, H. Balsiger, J.-J. Berthelier, M. R. Combi, J. De Keyser, B. Fiethe,
S. A.Fuselier, T. I. Gombosi, K. C. Hansen, M. Rubin, Y. Shou, V. M. Tenishev, T. Sémon,

S. F. Wampfler, P. Wurz, A comparison between the two lobes of comet 67P/Churyumov-
Gerasimenko based on D/H ratios in H,O measured with the Rosetta/ROSINA DFMS. Mon.
Not. R. Astron. Soc. 489, 4734-4740 (2019).

34. K. Altwegg, H. Balsiger, J. Berthelier, A. Bieler, U. Calmonte, J. De Keyser, B. Fiethe,

S. A. Fuselier, S. Gasc, T. |. Gombosi, T. Owen, L. Le Roy, M. Rubin, T. Sémon, C.-Y. Tzou, D,O
and HDS in the coma of 67P/Churyumov-Gerasimenko. Philos. Trans. A Math. Phys. Eng.
Sci. 375,20160253 (2017).

35. M. Hassig, K. Altwegg, H. Balsiger, J.-J. Berthelier, U. Calmonte, M. Combi, J. De Keyser,

B. Fiethe, S. A. Fuselier, M. Rubin, ROSINA/DFMS capabilities to measure isotopic ratios in
water at comet 67P/Churyumov-Gerasimenko. Planet. Space Sci. 84, 148-152 (2013).

36. I.R.Schroeder, K. Altwegg, H. Balsiger, J.-J. Berthelier, J. De Keyser, B. Fiethe, S. A. Fuselier,
S. Gasc, T. I. Gombosi, M. Rubin, T. Sémon, C.-Y. Tzou, S. F. Wampfler, P. Wurz, 0/'®0 ratio
in water in the coma of comet 67P/Churyumov-Gerasimenko measured with the Rosetta/
ROSINA double-focusing mass spectrometer. Astron. Astrophys. 630, A29 (2019).

37. A.Luspay-Kuti, K. Altwegg, J. J. Berthelier, A. Beth, F. Dhooghe, B. Fiethe, S. A. Fuselier,
T.l. Gombosi, K. C. Hansen, M. Héssig, G. Livadiotis, U. Mall, K. E. Mandt, O. Mousis,

S. M. Petrinec, M. Rubin, K. J. Trattner, C.-Y. Tzou, P. Wurz, Comparison of neutral
outgassing of comet 67P/Churyumov-Gerasimenko inbound and outbound beyond 3
AU from ROSINA/DFMS. Astron. Astrophys. 630, A30 (2019).

38. A.L.Cochran, A.J. McKay, Strong CO* and N,* emission in comet C/2016 R2 (Pan-
STARRS). Astrophys. J. Lett. 854,110 (2018).

39. C.Opitom, D. Hutsemekers, E. Jehin, P. Rousselot, F. J. Pozuelos, J. Manfroid, Y. Moulane,
M. Gillon, Z. Benkhaldoun, High resolution optical spectroscopy of the N,-rich comet
C/2016 R2 (PanSTARRS). Astron. Astrophys. 624, A64 (2019).

40. J.J.Kavelaars, O. Mousis, J.-M. Petit, H. A. Weaver, On the formation location of Uranus
and Neptune as constrained by dynamical and chemical models of comets. Astrophys. J.
Lett. 734,130 (2011).

41. J.H.Waite, W.S. Lewis, B. A. Magee, J. |. Lunine, W. B. McKinnon, C. R. Glein, O. Mousis,
D.T.Young, T. Brockwell, J. Westlake, M.-J. Nguyen, B. D. Teolis, H. B. Niemann,

R. L. McNutt Jr., M. Perry, W-H. Ip, Liquid water on Enceladus from observations of
ammonia and 40Ar in the plume. Nature 460, 487-490 (2009).

42. R.N.Clark, R. H. Brown, D. P. Cruikshank, G. A. Swayze, Isotopic ratios of Saturn’s
rings and satellites: Implications for the origin of water and Phoebe. Icarus 321,
791-802 (2019).

43. C.Ceccarelli, P. Caselli, D. Bockelée-Morvan, O. Mousis, S. Pizzarello, F. Robert, D. Semenov.
“Deuterium fractionation: The Ariadne’s thread from the precollapse phase to meteorites
and comets today” in Protostars and Planets VI, (The University of Arizona Space Science
Series, 2014), p. 859-882.

44. A. Luspay-Kuti, O. Mousis, M. Hassig, S. A. Fuselier, J. I. Lunine, B. Marty, K. E. Mandt,
P.Wurz, M. Rubin, The presence of clathrates in comet 67P/Churyumov-Gerasimenko. Sci.
Adv. 2,e1501781 (2016).

45. 0. Mousis, J. | Lunine, A. Luspay-Kuti, T. Guillot, B. Marty, M. Ali-Dib, P. Wurz, K. Altwegg,
A. Bieler, M. Hassig, M. Rubin, P.Vernazza, J. H. Waite, A protosolar nebula origin for the
ices agglomerated by comet 67P/Churyumov-Gerasimenko. Astrophys. J. Lett. 819, L33
(2016).

46. O.Mousis, T. Ronnet, J. |. Lunine, A. Luspay-Kuti, K. E. Mandt, G. Danger, F. Pauzat,

Y. Ellinger, P. Wurz, P. Vernazza, L. Le Sergeant d'Hendecourt, Noble gas abundance ratios
indicate the agglomeration of 67P/Churyumov-Gerasimenko from warmed-up ice.
Astrophys. J. Lett. 865, L11 (2018).

Mandt et al., Sci. Adv. 10, eadp2191 (2024) 13 November 2024

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

E. G. Johnson, A. O. Nier, Angular aberrations in sector shaped electromagnetic lenses for
focusing beams of charged particles. Phys. Rev. 91, 10 (1953).

J. De Keyser, A. Gibbons, F. Dhooghe, K. Altwegg, H. Balsiger, J.-J. Berthelier,

S. A. Fuselier, T. I. Gombosi, E. Neefs, M. Rubin, Calibration of parent and fragment ion
detection rates in Rosettas ROSINA/DFMS mass spectrometer. Int. J. Mass Spectrom. 446,
116233 (2019).

M.M. Hassig. Sensitivity and fragmentation calibration of the ROSINA double focusing mass
spectrometer (University of Bern, 2013).

J. Skilling. Nested sampling. In AIP Conf. Proc., 735, p. 395-405. American Institute of
Physics (2004).

J.S. Speagle, DYNESTY: A dynamic nested sampling package for estimating Bayesian
posteriors and evidences. Mon. Not. R. Astron. Soc. 493, 3132-3158 (2020).

F. Feroz, M. P. Hobson, Multimodal nested sampling: An efficient and robust alternative to
Markov Chain Monte Carlo methods for astronomical data analyses. Mon. Not. R. Astron.
Soc. 384, 449-463 (2008).

K. Lodders, Relative atomic solar system abundances, mass fractions, and atomic masses
of the elements and their isotopes, composition of the solar photosphere, and
compositions of the major chondritic meteorite groups. Space. Sci. Rev. 217, 44 (2021).

E. Lellouch, B. Bézard, T. Fouchet, H. Feuchtgruber, T. Encrenaz, T. de Graauw, The
deuterium abundance in Jupiter and Saturn from ISO-SWS observations. Astron.
Astrophys. 370, 610-622 (2001).

O. Mousis, D. H. Atkinson, R. Ambrosi, S. Atreya, D. Banfield, S. Barabash, M. Blanc,

T. Cavalié, A. Coustenis, M. Deleuil, G. Durry, F. Ferri, L. N. Fletcher, T. Fouchet, T. Guillot,

P. Hartogh, R. Hueso, M. Hofstadter, J.-P. Lebreton, K. E. Mandt, H. Rauer, P. Rannou,

J.-B. Renard, A. Sanchez-Lavega, K. M. Sayanagi, A. A. Simon, T. Spilker, E. Venkatapathy,

J. H. Waite, P. Wurz, In situ exploration of the giant planets. Exp. Astron. 54,975-1031
(2022).

H. Feuchtgruber, E. Lellouch, G. Orton, T. de Graauw, B. Vandenbussche, B. Swinyard,

R. Moreno, C. Jarchow, F. Billebaud, T. Cavalié, S. Sidher, P. Hartogh, The D/H ratio in the
atmospheres of Uranus and Neptune from Herschel-PACS observations. Astron.
Astrophys. 551, A126 (2013).

K.S. Noll, T. R. Geballe, R. F. Knacke, Detection of H2180 in Jupiter. Astrophys. J. 453,
L49-L53 (1995).

C. M. O'D Alexander, R. Bowden, M. L. Fogel, K. T. Howard, C. D. K. Herd, L. R. Nittler, The
provenances of asteroids, and their contributions to the volatile inventories of the
terrestrial planets. Science 337, 721-723 (2012).

C. M. O'D Alexander, Quantitative models for the elemental and isotopic fractionations
in chondrites: The carbonaceous chondrites. Geochim. Cosmochim. Acta 254, 277-309
(2019).

C. M. O. D. Alexander, Quantitative models for the elemental and isotopic fractionations
in the chondrites: The non-carbonaceous chondrites. Geochim. Cosmochim. Acta 254,
246-276 (2019).

K. Altwegg, H. Balsiger, M. Combi, J. De Keyser, M. N. Drozdovskaya, S. A. Fuselier,

T. 1. Gombosi, N. Hanni, M. Rubin, M. Schuhmann, I. Schroeder, S. Wampfler, Molecule-
dependent oxygen isotopic ratios in the coma of comet 67P/Churyumov-Gerasimenko.
Mon. Not. R. Astron. Soc. 498, 5855-5862 (2020).

J. A. Paquette, C. Engrand, M. Hilchenbach, N. Fray, O. J. Stenzel, J. Silen, J. Ryn&, J. Kissel;
The Cosima Team, The oxygen isotopic composition ('80/'°0) in the dust of comet 67P/
Churyumov-Gerasimenko measured by COSIMA on-board Rosetta. Mon. Not. R. Astron.
Soc. 477,3836-3844 (2018).

M. Hassig, K. Altwegg, H. Balsiger, J. J. Berthelier, A. Bieler, U. Calmonte, F. Dhooghe,

B. Fiethe, S. A. Fuselier, S. Gasc, T. |. Gombosi, L. Le Roy, A. Luspay-Kuti, K. Mandt, M. Rubin,
C.-Y.Tzou, S. F. Wampfler, P. Wurz, Isotopic composition of CO; in the coma of 67P/
Churyumov-Gerasimenko measured with ROSINA/DFMS. Astron. Astrophys. 605, A50
(2017).

K. E. Mandt, J. H. Waite, W. Lewis, B. Magee, J. Bell, J. Lunine, O. Mousis, D. Cordier, Isotopic
evolution of the major constituents of Titan's atmosphere based on Cassini data. Planet.
Space Sci. 57, 1917-1930 (2009).

K. E. Mandt, J. H. Waite, B. Teolis, B. A. Magee, J. Bell, J. H. Westlake, C. A. Nixon, O. Mousis,
J.1. Lunine, The '>C/"3C ratio on Titan from Cassini INMS measurements and implications
for the evolution of methane. Astrophys. J. 749, 160 (2012).

J. Serigano, C. A. Nixon, M. A. Cordiner, P. G. J. Irwin, N. A. Teanby, S. B. Charnley,

J. E. Lindberg, Isotopic ratios of carbon and oxygen in Titan’s CO using ALMA. Astrophys. J.
Lett. 821, L8 (2016).

W. M. Grundy, I. Wong, C.R. Glein, S. Protopapa, B. J. Holler, J. C. Cook, J. A. Stansberry,

J.I. Lunine, A. H. Parker, H. B. Hammel, S. N. Milam, R. Brunetto, N. Pinilla-Alonso,

A. C. de Souza Feliciano, J. P. Emery, J. Licandro, Measurement of D/H and '3C/'%C ratios in
methane ice on Eris and Makemake: Evidence for internal activity. Icarus 411, 115923
(2024).

J. Murthy, R. C. Henry, H. W. Moos, W. B. Landsman, J. L. Linsky, A. Vidal-Madjar, C. Gry, IUE
observations of hydrogen and deuterium in the local interstellar medium. Adv. Space Res.
315, 675-686 (1987).

100f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

69. T.M.Donahue, J. H. Hoffman, R. R. Hodges, A. J. Watson, Venus was wet: A measurement
of the ratio of deuterium to hydrogen. Science 216, 630-633 (1982).

70. C.R.Webster, P. R. Mahaffy, G. J. Flesch, P. B. Niles, J. H. Jones, L. A. Leshin, S. K. Atreya,

J. C. Stern, L. E. Christensen, T. Owen, H. Franz, R. O. Pepin, A. Steele; The MSL Science
Team, Isotope ratios of H, C, and O in CO, and H,0 of the Martian atmosphere. Science
341, 260-263 (2013).

71. C.A.Nixon, B.Temelso, S. Vinatier, N. A. Teanby, B. Bézard, R. K. Achterberg, K. E. Mandt,

C. D. Sherrill, P. G. J. Irwin, D. E. Jennings, P. N. Romani, A. Coustenis, F. M. Flasar, Isotopic
ratios in Titan’s methane: Measurements and modeling. Astrophys. J. 749, 159 (2012).

72. H.Balsiger, K. Altwegg, J. Geiss, D/H and '®0/'°0 ratio in the hydronium ion and in neutral
water from in situ ion measurements in comet Halley. J. Geophys. Res. Space Phys. 100,
5827-5834 (1995).

73. P.Eberhardt, M. Reber, D. Krankowsky, R. Hodges, The D/H and '80/'°0 ratios in water
from comet P/Halley. Astron. Astrophys. 302, 301-316 (1995).

74. D.Bockelée-Morvan, D. Gautier, D. C. Lis, K. Young, J. Keene, T. Phillips, T. Owen,

J. Crovisier, P. F. Goldsmith, E. A. Bergin, D. Despois, A. Wootten, Deuterated water in
comet C/1996 B2 (Hyakutake) and its implications for the origin of comets. Icarus 133,
147-162 (1998).

75. R.Meier, T.C. Owen, H. E. Matthews, D. C. Jewitt, D. Bockelee-Morvan, N. Biver, J. Crovisier,
D. Gautier, A determination of the HDO/H,O ratio in comet C/1995 O1 (Hale-Bopp).
Science 279, 842-844 (1998).

76. G.L.Villanueva, M. J. Mumma, B. P. Bonev, M. A. DiSanti, E. L. Gibb, H. Bohnhardt,
M. Lippi, A sensitive search for deuterated water in comet 8P/Tuttle. Astrophys. J. 690, L5
(2009).

77. D.Bockelée-Morvan, N. Biver, B. Swinyard, M. de Val-Borro, J. Crovisier, P. Hartogh,
D. C. Lis, R. Moreno, S. Szutowicz, E. Lellouch, M. Emprechtinger, G. A. Blake, R. Courtin,
C. Jarchow, M. Kidger, M. Kiippers, M. Rengel, G. R. Davis, T. Fulton, D. Naylor, S. Sidher,
H. Walker, Herschel measurements of the D/H and '°0/'®0 ratios in water in the
Oort-cloud comet C/2009 P1 (Garradd). Astron. Astrophys. 544, L15 (2012).

Mandt et al., Sci. Adv. 10, eadp2191 (2024) 13 November 2024

78. D.Hutsemekers, J. Manfroid, E. Jehin, J. M. Zucconi, C. Arpigny, The '°0OH/'®0H and OD/
OH isotope ratios in comet C/2002 T7 (LINEAR). Astron. Astrophys. 490, L31-L34 (2008).

79. H.A.Weaver, M. F. A'Hearn C. Arpigny M. R. Combi P. D. Feldman, G.-P Tozzi, N. Dello
Russo, M. C. Festou Atomic deuterium emission and the D/H ratio in comets in Asteroids,
Comets, and Meteors (Baltimore, MD) LPI Contrib. 1405, 8216 (2008).

80. J.H.Hoffman, R.R. Hodges, T. M. Donahue, M. B. McElroy, Composition of the Venus lower
atmosphere from the Pioneer Venus mass spectrometer. J. Geophys. Res. Space Phys. 85,
7882-7890 (1980).

Acknowledgments: Rosetta is a European Space Agency (ESA) mission with contributions
from its member states and NASA. We thank the ESA Rosetta mission team. The ROSINA
instrument is the work of many engineers, technicians, and scientists involved in the Rosetta
mission, spacecraft, and the ROSINA instrument team, whose contributions are gratefully
acknowledged. K.EM., J.L-Y, AL-K, S.AF, SM.P, and K.J.T. acknowledge support from NASA
ROSES RDAP grant 8ONSSC19K1306. O.M. acknowledges support from CNES. Funding: This
work was supported by the NASA ROSES RDAP grant 80NSSC19K1306 to K.EM.,, J.L-Y,, A.L-K,,
S.A.F, S.M.P, and K.J.T. Author contributions: Conceptualization: K.E.M. and J.L.-Y..
Methodology: K.EM., J.L-Y, SAF, S.M.P, KJ.T, PW,, O.M., and D.B. Investigation: K.E.M. and
J.L-Y.. Visualization: K.E.M. and J.L.-Y.. Funding acquisition: K.E.M. Project administration: K.E.M.
and A.L.-K. Supervision: K.E.M. Writing-original draft: K.E.M. and J.L.-Y. Writing-review and
editing: K.E.M,, J.L-Y, D.B, S.AF, S.M.P, KJ.T,, PW, and O.M. Competing interests: The authors
declare that they have no competing interests. Data and materials availability: All data
needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials.

Submitted 13 March 2024
Accepted 9 October 2024
Published 13 November 2024
10.1126/sciadv.adp2191

110f 11



	A nearly terrestrial D/H for comet 67P/Churyumov-Gerasimenko
	INTRODUCTION
	D/H in comets
	How dust influences the local coma composition

	RESULTS
	Determining D/H in the nucleus

	DISCUSSION
	MATERIALS AND METHODS
	DFMS
	Determining the signal of a species
	Measuring water isotopes using DFMS observations
	The unique case of mass 19
	Why the fits for HDO and H217O should not include H3O
	Evaluating the validity of the measurements and calculating uncertainties
	Comparison of derived isotope ratios with previous published values
	Determination of the best values for representing the bulk nucleus

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

	A nearly terrestrial D/H for comet 67P/Churyumov-Gerasimenko
	INTRODUCTION
	D/H in comets
	How dust influences the local coma composition

	RESULTS
	Determining D/H in the nucleus

	DISCUSSION
	MATERIALS AND METHODS
	DFMS
	Determining the signal of a species
	Measuring water isotopes using DFMS observations
	The unique case of mass 19
	Why the fits for HDO and H217O should not include H3O
	Evaluating the validity of the measurements and calculating uncertainties
	Comparison of derived isotope ratios with previous published values
	Determination of the best values for representing the bulk nucleus

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


